All relevant data are within the paper.

Introduction {#sec001}
============

Cationic polyamidoamine (PAMAM) dendrimers are hyperbranched spherical polymers being investigated for a variety of applications in nanomedicine including nucleic acid drug delivery. These biomacromolecules have an ethylenediamine core and radiating branches with terminal amino (-NH2) groups whose synthesis can be precisely controlled to produce progressive generations with defined molecular architecture, terminal functional chemistry and low polydispersity \[[@pone.0132215.ref001]--[@pone.0132215.ref004]\]. Thus, the fifth (G5) and sixth (G6) generations of intact PAMAM dendrimers possess 128 and 256 surface amino groups, molecular weights of 28.8 and 58 kDa, with corresponding molecular diameters 5.3 and 6.7 nm respectively \[[@pone.0132215.ref005]\]. Following synthesis, PAMAM dendrimers can be further modified to reduce internal structural branching and increase internal volume by controlled heat-treatment in solvolytic solvents to produce so-called "fractured" or "activated" dendrimers for improved drug entrapment \[[@pone.0132215.ref006],[@pone.0132215.ref007]\]. An example of a commercially available activated G6, PAMAM dendrimer is SuperFect (SF) whereas Polyfect (PF) is the intact or non-activated counterpart G6 dendrimer. As a result of their ability to bind to negatively charged nucleic acids and efficiently enter cells by endocytosis and/or via membrane pore formation \[[@pone.0132215.ref008]--[@pone.0132215.ref010]\], cationic PAMAM polymers have been extensively investigated for gene, oligonucleotide and siRNA delivery \[[@pone.0132215.ref003],[@pone.0132215.ref008],[@pone.0132215.ref010]--[@pone.0132215.ref018]\].

Beyond drug and nucleic acid delivery, there is emerging evidence that cationic PAMAM dendrimers, rather like some other non-viral delivery systems \[[@pone.0132215.ref019]\], can exhibit defined intrinsic biological (and toxicological) effects. This is highlighted by their potential investigation as, amongst others, anti-inflammatory agents for acute pancreatitis \[[@pone.0132215.ref020]\], anti-resistant antibiotics \[[@pone.0132215.ref021]\], glucose scavengers /anti-glycation agents \[[@pone.0132215.ref022]--[@pone.0132215.ref024]\], pore-blocking binary toxin inhibitors to counter the effects of pathogenic bacteria \[[@pone.0132215.ref025]\] and as nucleic acid scavengers for preventing thrombosis \[[@pone.0132215.ref026],[@pone.0132215.ref027]\]. Thus, both for their safe use in the clinic and for the identification of potentially novel therapeutic applications, a detailed understanding of their biological or pharmacological actions is required. However, little is known about their biological effects in terms of their interactions with key cellular signal transduction pathways.

The epidermal growth factor receptor (EGFR) is a 175kD member of the ErbB family of receptor tyrosine kinases that, following ligand-dependent or ligand-independent activation, leads to either homo- or hetero- dimerization with related family members. This then leads to subsequent activation of several downstream effectors including Ras, Raf, extracellular-signal-regulated kinase 1/2 (ERK1/2), p38 mitogen activated protein (MAP) kinase and phosphatidylinositol 3 (PI-3) kinase/AKT (protein kinase B) pathways which are important regulators of cell growth, differentiation, survival and apoptosis \[[@pone.0132215.ref028]--[@pone.0132215.ref030]\]. Emerging concepts in the regulation of EGFR suggest it serves as a molecular integration site for multiple types of stimuli including peptide ligands, metal ions, ultraviolet and gamma radiation, osmotic shock, membrane depolarization, and oxidative radicals \[[@pone.0132215.ref028],[@pone.0132215.ref031]\]. Acting as relay for such a wide range of stimuli highlights its importance as a key signaling pathway and gives rise to the concept that the EGFR acts as a functional keystone in "higher-order" complex systems that may underpin multifactorial global somatic actions \[[@pone.0132215.ref032]\]. Indeed the EGFR signaling pathway appears important in both normal and pathological states such as cancer \[[@pone.0132215.ref029]\] and diabetes-induced renal and cardiovascular dysfunction \[[@pone.0132215.ref033]--[@pone.0132215.ref035]\]. Thus, intentional or inadvertent modulation of the EGFR pathway, such as by dendrimers, could therefore have important physiological and pathological consequences.

We previously showed that the activated G6 PAMAM dendrimer, Superfect (SF), stimulated EGFR tyrosine kinase signaling in cultured human embryonic kidney (HEK-293) cells \[[@pone.0132215.ref036]\]. Here, we firstly studied the *in vitro* effects of naked, as supplied, non-activated (intact) G6 PAMAM dendrimer, Polyfect (PF), on EGFR tyrosine kinase signaling via extracellular-regulated kinase 1/2 (ERK1/2) and p38 mitogen-activated protein kinase (MAPK) in cultured HEK-293 cells and then compared the *in vivo* effects of a single i.p. administration of PF or SF on EGFR signaling in the kidneys of normal and diabetic male Wistar rats.

Methods {#sec002}
=======

Drugs {#sec003}
-----

Polyfect and Superfect transfection reagents were purchased from Qiagen, USA. AG1478 (*N*-(3-Chlorophenyl)-6,7-dimethoxy-4-quinazolinanine hydrochloride) and Tempol (4-hydroxy-2,2,6,6tetramethyl-piperidin-1-oxyl) were purchased from Tocris (UK). Epidermal growth factor (EGF) ligand, apocynin, catalase and all other reagents were purchased from Sigma Chemical Co (St Louis, USA).

Cell culture and treatment with Polyfect PAMAM dendrimer {#sec004}
--------------------------------------------------------

Human embryonic kidney (HEK 293) cells obtained from ECACC were a gift from Dr S Al-Sabah (Kuwait University) and cultured as described by us previously \[[@pone.0132215.ref036]\]. Briefly, cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 4.5 mg/ml glucose, 10% heat-inactivated fetal bovine serum (FBS; Hyclone, USA), 100 mg/ml Antibiotic-Antimycotic (Invitrogen, USA), and in humidified conditions under 5% CO~2~. For the mechanistic studies, cells were plated into T25 flasks and when 60--70% confluent were treated with either 0.4, 4 or 40 μg/ml of Polyfect (used neat as supplied by the manufacturer, Qiagen Inc, USA) in serum-free media for either 0.5, 1, 4 or 24 h as stated. AG1478, a selective blocker of EGFR tyrosine kinase phosphorylation, was incubated with cells at a concentration of 10μM. Epidermal growth factor (EGF) ligand (10nM) was incubated for 30 mins in serum-free media as a positive control for stimulation of EGFR. Cells were then either used to determine cell viability or processed for Western Blotting experiments.

Polyfect co-treatment with EGF-ligand in HEK293 cells {#sec005}
-----------------------------------------------------

Overnight serum-starved HEK 293 cells, at 60--70% confluency, were incubated with EGF (10nM) for 30 mins in serum-free media for stimulation of EGFR. For co-treatment of ligand with dendrimer, PF at 0.4, 4 and 40 μg/ml was added to the serum-free media at 3.5h prior to adding EGF (10nM) for the final 30 mins. Cells were then lysed and subjected to Western Blotting.

Treatment of HEK 293 cells with antioxidants and Polyfect {#sec006}
---------------------------------------------------------

To assess the role of oxidative stress on PAMAM dendrimer-mediated effects on signaling molecules, HEK 293 cells grown to about 60--70% confluency were incubated with PF dendrimer for 4h in serum-free media in the presence or absence of antioxidants, apocynin (100 mM), catalase (2000 units/mL) or tempol (50 mM). Cells were then lysed and subjected to Western Blotting.

Cell Viability and Apoptosis {#sec007}
----------------------------

HEK 293 cell viability was determined by trypan blue exclusion assay and cell counting performed via an automated Vi-Cell XR Cell Viablility counter (Beckman Coulter, CA, USA) that was also confirmed by direct cell counting manually using a light microscope and haemocytometer \[[@pone.0132215.ref036]\].

Apoptosis in HEK 293 cells was assayed using Annexin V-FITC/7-ADD kit (Beckman Coulter, IM3614) and Flow Cytometer FC 500 with CXP software (Beckman Coulter) similar to that described by us previously \[[@pone.0132215.ref037]\]. Briefly, cells were incubated with either PF or SF for 4h with and without Tempol. AG1478 (100 μM) was used as a positive control for inducing apoptosis. Cells were then detached by gentle trypsinisation using 0.02% EDTA-0.05% trypsin, and re-suspended in the original media to include detached cells in the suspensions. The cell suspensions were washed with ice-cold Phosphate Buffered Saline (PBS), (Sigma; P3813) and centrifuged for 5 minutes at 500 x g at 4°C. The supernatants were discarded and the cell pellets were then re-suspended in 100 μl of ice-cold 1X Binding Buffer. Approximately, 5 x10^6^ cells/ml were exposed to 10 μl of Annexin V-FITC solution and 20 μl of 7-AAD viability dye. The tubes were kept on ice and incubated in the dark for 15 minutes. Then, the cells were re-suspended in 0.4 ml ice-cold 1X binding buffer, transferred to FACS tubes (Fahrenheit, UK) and analyzed immediately using a Flow Cytometer FC 500 using CXP software (Beckman Coulter).

Animal studies and treatments {#sec008}
-----------------------------

All animal care and experimental procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication no. 85--23, Revised 1985) and were approved by Kuwait University Research Sector/Administration's Health Sciences Research Ethics Committee following consideration of both the scientific and ethical aspects of the study design. Male Wistar rats weighing about 300g were used in this study and divided into the following groups (N = 5). Group 1: Non-diabetic (Control, C) animals, Group 2: C + PF (10mg/kg administered as a single intraperotoneal (i.p) injection) Group 3: C + SF (10mg/kg i.p); Group 4: C + AG1478 (1mg/kg i.p). Group 5: Rats bearing 4 weeks of diabetes (D) induced by a single i.p. injection of streptozotocin (55 mg/kg body weight); Group 6: D + PF (10mg/kg i.p) Group 7: D + SF (10mg/kg i.p) and Group 8: D + AG1478 (1mg/kg i.p). AG1478 and dendrimer treatments were administered as single dose for 24h prior to sacrifice based on previous studies \[[@pone.0132215.ref033],[@pone.0132215.ref035],[@pone.0132215.ref038],[@pone.0132215.ref039]\]. Rat body weight and basal glucose levels were assessed before and after treatments just before sacrificing the animals. An automated blood glucose analyzer (Glucometer Elite XL) was used to assess blood glucose concentrations and rats with a blood glucose concentration above 250mg/dl (approx. 14 mmol/L) were declared diabetic as in previous studies \[[@pone.0132215.ref033]--[@pone.0132215.ref035]\].

Histopathology of normal and diabetic rat kidneys {#sec009}
-------------------------------------------------

The kidneys isolated from non-diabetic rats or rats bearing 4-weeks of diabetes with or without treatments were fixed in formalin and mid-transverse sections taken. The fixed sections were processed for paraffin embedding, and hematoxylin-eosin--stained sections were prepared and viewed under light microscopy as described by us previously \[[@pone.0132215.ref040]\].

Western Blotting studies {#sec010}
------------------------

Western blotting for EGFR, ERK1/2 and p38 MAPK was performed essentially as described by us previously \[[@pone.0132215.ref033]--[@pone.0132215.ref036]\]. Briefly, either kidney tissue from *in vivo* studies or HEK 293 cell lysates were snap frozen in liquid nitrogen and stored at --80°C. Upon defrosting, protein concentrations were estimated by BioRad BCA protein assay. Aliquots containing equal amounts of protein were then subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). Membranes were then incubated with either monoclonal antibodies (Cell Signaling, USA) to detect phosphorylated or total forms of EGFR (bands seen at approximately 175kDa), ERK1/2 (at 42/44 kDa) or p38 MAPK (at 38 kDa) and subsequently with appropriate secondary antibodies conjugated to horseradish peroxidase (Amersham, UK). Immunreactive bands were detected with SuperSignal chemiluminescent substrate (Pierce, UK) using Kodak autoradiography film (G.R.I., Rayne, U.K.). To ensure equal loading of proteins β-actin levels were detected using primary rabbit anti-human β-actin antibody followed by the secondary anti-rabbit IgG horse-radish peroxidase conjugated antibody (Cell Signaling, USA). Images were finally analysed and quantified by densitometry and all data normalized to β-actin levels as described previously \[[@pone.0132215.ref033]--[@pone.0132215.ref036]\].

Statistical analysis {#sec011}
--------------------

Data are presented as mean ± SEM of 'n' number of experiments. Mean values were compared using analysis of variance followed by post hoc test (Bonferroni). Significant difference was considered when p value was less than 0.05.

Results {#sec012}
=======

The effect of Polyfect PAMAM Dendrimer dose on HEK 293 cell viability {#sec013}
---------------------------------------------------------------------

PF dose-dependently reduced HEK 293 cell viability whereby at the highest dose of 40 μg/ml around 80% cell viability was noted ([Fig 1](#pone.0132215.g001){ref-type="fig"}).

![Dose-dependent effects of Polyfect (PF) PAMAM dendrimer on HEK 293 cell viability.\
Error bars represent mean ± SEM. \* indicates statistically significant from untreated controls. N = 5.](pone.0132215.g001){#pone.0132215.g001}

The dose-dependent effects of Polyfect on EGFR protein expression and phosphorylation {#sec014}
-------------------------------------------------------------------------------------

Increasing the dose of PF led to a progressive decrease in EGFR phosphorylation levels as well as in total EGFR protein in HEK 293 cells that was statistically significant at the higher (4 or 40 μg/ml) doses ([Fig 2A--2C](#pone.0132215.g002){ref-type="fig"}). However, a plot of the ratio of phosphorylated to total protein showed a significant net inhibition in EGFR phosphorylation (p\<0.05) which at the highest dose appeared similar to that observed with AG1478, a known selective inhibitor of EGFR phosphorylation ([Fig 2D](#pone.0132215.g002){ref-type="fig"}).

![Dose-dependent effects of Polyfect (PF) PAMAM dendrimer on phosphorylated (p-) and total (t-) EGFR levels in HEK293 cells.\
Cells were treated with the stated doses of PF for 4h and analyzed after 24h or with AG1478 (10 μM) for 24h as per the Methods. Panel a) shows representative Western blots and panels b-d show densitometric histograms showing the relative intensity levels of pEGFR (b), total EGFR (c) bands relative to the actin loading control and the ratio of the two (panel d). Error bars represent mean ± SEM. N = 5. (Asterix) \* indicates statistically significant from untreated controls.](pone.0132215.g002){#pone.0132215.g002}

Polyfect PAMAM dendrimer inhibits EGF ligand-induced stimulation of EGFR phosphorylation {#sec015}
----------------------------------------------------------------------------------------

We next investigated whether PF inhibited the acute stimulation of EGFR phosphorylation by its ligand. Administration of EGF (10nM) led to a robust and reproducible elevation in EGFR phosphorylation ([Fig 3](#pone.0132215.g003){ref-type="fig"}) that could be blocked by AG1478, a known inhibitor of EGFR phosphorylation. Increasing doses of PF resulted in a significant reduction in EGF-induced EGFR phosphorylation (p\<0.05) but this was to a lesser extent than observed with AG1478 ([Fig 3](#pone.0132215.g003){ref-type="fig"}).

![PF PAMAM dendrimer dose-dependently inhibits EGF-ligand induced phosphorylation of EGFR in HEK 293 cells.\
Cells were pre-treated with the stated doses of PF for 4h or with AG1478 (10 μM) for 24h or treated with EGF alone (10nM) for 30 mins as per the Methods. For PF + EGF co-administration, EGF was only added for the final 30 min prior to cell lysis at 4h. Panel a) shows a representative Western blot and panel b) shows the densitometric histograms showing the relative intensity levels of p-EGFR bands relative to the actin loading control. Error bars represent mean ± SEM. N = 5. Asterix (\*) indicates statistically significant from untreated controls whereas \# indicates significantly different from EGF alone treated cells.](pone.0132215.g003){#pone.0132215.g003}

PF dendrimer-mediated inhibition of EGFR phosphorylation is accompanied by inhibition of downstream signaling via ERK1/2 and p38 MAPK {#sec016}
-------------------------------------------------------------------------------------------------------------------------------------

We next examined whether the effects of PF dendrimer on EGFR phosphorylation were transmitted to its downstream signaling effectors, ERK1/2 and p38 MAPK and also assessed the effects of AG1478, a selective inhibitor of EGFR tyrosine kinase in HEK 293 cells ([Fig 4](#pone.0132215.g004){ref-type="fig"}). PF dose-dependently decreased phosphorylation of both ERK1/2 and p38 MAPK which at the 40 μg/ml dose appeared similar to that observed with AG1478 ([Fig 4](#pone.0132215.g004){ref-type="fig"}).

![Effects of Polyfect (PF) PAMAM dendrimer dose on phosphorylation of ERK1/2 and p38 MAPK in HEK293 cells.\
Cells were treated with the stated doses of PF for 4h and analyzed after 24h or with AG1478 for 24h as per the Methods. Panel a) shows representative Western blots and panels b) shows the densitometric histograms showing the relative intensity levels of phosphorylated (p-) ERK1/2 and phosphorylated p38 MAPK (labelled as p-P-38) bands relative to the actin loading control. Error bars represent mean ± SEM. N = 5. \* indicates statistically significant from untreated controls.](pone.0132215.g004){#pone.0132215.g004}

Time-dependent effects of Polyfect PAMAM dendrimer on EGFR phosphorylation {#sec017}
--------------------------------------------------------------------------

At the 40 μg/ml dose, we next studied the effects of incubation time on Polyfect PAMAM dendrimer-mediated changes in EGFR phosphorylation in HEK 293 cells. PF exhibited a progressively increasing inhibition of EGFR phosphorylation over the 24h time-period of the study ([Fig 5](#pone.0132215.g005){ref-type="fig"}). After 24h, PF treatment resulted in a robust and statistically significant inhibition in EGFR phosphorylation (p\<0.05; [Fig 5](#pone.0132215.g005){ref-type="fig"}) that was similar to that observed with AG1478 ([Fig 5](#pone.0132215.g005){ref-type="fig"}).

![Polyfect (PF) PAMAM dendrimer-mediated inhibition of EGFR phosphorylation as a function of time.\
HEK 293 cells were treated with SF (40 μg/ml) continuously for the stated time or with AG1478 (10 μM) for 24h. Panel a) shows a representative Western blots and panels b) shows the densitometric histograms showing the relative intensity levels of phosphorylated (p-) EGFR bands relative to the actin loading control. Error bars represent mean ± SEM. \* indicates statistically significant from untreated controls. N = 5.](pone.0132215.g005){#pone.0132215.g005}

*In vivo* studies with Polyfect and Superfect PAMAM dendrimers in normal and diabetic rats {#sec018}
------------------------------------------------------------------------------------------

### i) Effect of PAMAM dendrimers on body weight and blood glucose levels {#sec019}

We next compared the *in vivo* effects of PAMAM dendrimers in normal (non-diabetic) and diabetic rats. As expected diabetes led to a significantly decreased body weight and significantly elevated blood glucose levels (p\<0.05;[Table 1](#pone.0132215.t001){ref-type="table"}). However, the 24h acute *in vivo* treatments with PAMAM dendrimers or AG1478 had no significant effect on the body weights or blood glucose levels in either normal or rats made diabetic with streptozotocin ([Table 1](#pone.0132215.t001){ref-type="table"}).

10.1371/journal.pone.0132215.t001

###### The effect of AG1478 or PF and SF PAMAM dendrimers on rat body weight and blood glucose following acute 24 hr *in vivo* administration in non-diabetic controls (C) and diabetic animals (D).

(Means ± SEM; N = 4).

![](pone.0132215.t001){#pone.0132215.t001g}

  Group        Animal weight (g)                                      Blood Glucose (mmol/L)
  ------------ ------------------------------------------------------ ------------------------------------------------------
  C            322.5 ± 19.4                                           4.93 ± 0.28
  C + PF       345.0 ± 12.7                                           5.00 ± 0.28
  C + SF       353.5 ± 13.4                                           4.65 ± 0.21
  C + AG1478   340.0 ± 13.2                                           4.50 ± 0.20
  D            277.3 ± 19.8 [(\*)](#t001fn001){ref-type="table-fn"}   29.00 ± 4.13 [(\*)](#t001fn001){ref-type="table-fn"}
  D + PF       264.0 ± 15.9 [(\*)](#t001fn001){ref-type="table-fn"}   30.55 ± 2.49 [(\*)](#t001fn001){ref-type="table-fn"}
  D + SF       264.5 ± 9.1 [(\*)](#t001fn001){ref-type="table-fn"}    25.25 ± 2.40 [(\*)](#t001fn001){ref-type="table-fn"}
  D + AG1478   272.0 ± 18.5 [(\*)](#t001fn001){ref-type="table-fn"}   33.30 ± 2.12 [(\*)](#t001fn001){ref-type="table-fn"}

Asterix (\*) indicates significantly different from controls (p\<0.05).

### ii) Effects of PAMAM dendrimer on renal EGFR phosphorylation and kidney morphology in non-diabetic rats {#sec020}

A 24h *in vivo* administration of PF significantly inhibited both EGFR phosphorylation ([Fig 6A and 6B](#pone.0132215.g006){ref-type="fig"}) and protein expression ([Fig 6A and 6C](#pone.0132215.g006){ref-type="fig"}) in the non-diabetic rat kidney (p\<0.05). In contrast, SF led to an increased EGFR phosphorylation ([Fig 6A and 6B](#pone.0132215.g006){ref-type="fig"}) and protein expression ([Fig 6A and 6C](#pone.0132215.g006){ref-type="fig"}) in the non-diabetic rat kidney. The *in vivo* effects of both dendrimers on EGFR phosphorylation in the non-diabetic kidneys appeared to be fully mirrored by changes in total EGFR protein expression as highlighted by the non-significant changes in the ratio plot of phosphorylated to total EGFR protein compared to controls ([Fig 6D](#pone.0132215.g006){ref-type="fig"}). As expected, treatments with AG1478 led to a net reduction in EGFR phosphorylation ([Fig 6D](#pone.0132215.g006){ref-type="fig"}) though it too lowered EGFR protein levels but to a lesser extent than phosphorylated EGFR levels ([Fig 6A, 6B and 6C](#pone.0132215.g006){ref-type="fig"}).

![Comparison of the *in vivo* effects of Superfect (SF) and Polyfect (PF) PAMAM dendrimers on EGFR phosphorylation and histopathology in the non-diabetic rat kidney.\
A single dose of SF or PF (10mg/kg) or AG1478 (1mg/kg) was administered by i.p. injection 24 h prior to sacrifice and subsequent analysis. Panel a) shows representative Western blots and panels b-d) shows the densitometric histograms showing the relative intensity levels of phosphorylated (p-) EGFR bands relative to the actin loading control or to total EGFR protein in the non-diabetic rat kidney. Error bars represent mean ± SEM. N = 4. \* indicates statistically significant from untreated controls. Panel e) shows representative photomicrographs of the morphology of the kidneys taken from non-diabetic control (C) animals and those treated with PF or SF or AG1478 as indicated. The kidneys were fixed in formalin and mid-transverse sections taken following paraffin embedding and hematoxylin-eosin staining.](pone.0132215.g006){#pone.0132215.g006}

We next studied the impact of 24h *in vivo* dendrimer treatment on the morphology of kidneys isolated from non-diabetic rats 24h post-treatment. [Fig 6E](#pone.0132215.g006){ref-type="fig"} shows that acute *in vivo* treatments with either SF, PF or AG1478 did not alter the gross morphology (as summarized in [Table 2](#pone.0132215.t002){ref-type="table"}) of the non-diabetic kidney.

10.1371/journal.pone.0132215.t002

###### The effect of acute *in vivo* administration PF and SF PAMAM dendrimers on morphological changes in non-diabetic and diabetic rat kidneys.

![](pone.0132215.t002){#pone.0132215.t002g}

  Animal Group       Kidney Morphology[^\$^](#t002fn002){ref-type="table-fn"}                            
  ------------------ ---------------------------------------------------------- -------- ------ -------- --------
  **Control (C)**    0                                                          0        0      0        0
  **C + PF**         0                                                          0        0      0        0
  **C + SF**         0                                                          0        0      0        0
  **C + AG1478**     0                                                          0        0      0        0
  **Diabetes (D)**   (++++)                                                     (++++)   (++)   (++++)   (++++)
  **D + PF**         (++++)                                                     (++++)   (++)   (++++)   (++++)
  **D + SF**         (++++)                                                     (++++)   (++)   (++++)   (++++)
  **D + AG1478**     (++++)                                                     (++++)   (++)   (++++)   (++++)

**Key:** Morphology was graded as either (0) none, (+) mild, (++) moderate or (++++) severe.

^**\$**^GS: diffuse glomerular sclerosis; EX: extracelluar matrix deposition (or interstitial fibrosis); FTI: fibrosis in tubulointerstitium; HPAS: hyperplastic arteriolosclerosis; IIVCIH: intensity and incidence of vacuolations, cellular infiltration and hypertrophy.

### iii) Effects of PAMAM dendrimer on renal EGFR phosphorylation and kidney morphology in diabetic rats {#sec021}

We also examined the *in vivo* effects of PAMAM dendrimers on the kidneys isolated from diabetic rats as these provided a model with a higher basal EGFR activity \[[@pone.0132215.ref041],[@pone.0132215.ref042]\]. Diabetes resulted in a net increased EGFR phosphorylation in the diabetic kidney compared to control animals ([Fig 7A and 7D](#pone.0132215.g007){ref-type="fig"}). A 24h administration of Polyfect to diabetic rats led to a significant reduction in EGFR phosphorylation and in total EGFR ([Fig 7A--7C](#pone.0132215.g007){ref-type="fig"}). In contrast, SF led to a net stimulation of EGFR phosphorylation that was also accompanied by an increase in total EGFR protein ([Fig 7A--7D](#pone.0132215.g007){ref-type="fig"}). In the diabetic kidney, both dendrimers appeared to have a net greater effect on EGFR phosphorylation than on protein expression as highlighted by the statistically significant changes in the ratio plot of phosphorylated to total EGFR protein compared to controls (p\<0.05) ([Fig 7D](#pone.0132215.g007){ref-type="fig"}). Relative to non-diabetic control kidneys, there was a marked increase in pathological abnormalities observed in the diabetic kidney such as diffuse glomerular sclerosis, extracellular matrix deposition, tubulointerstitial fibrosis and increased incidence of vacuolations, cell infiltration and hypertrophy (see [Table 2](#pone.0132215.t002){ref-type="table"}). However, the acute 24h treatments with PF, SF or AG1478 did not alter the kidney morphology from that observed in diabetes alone ([Fig 7E](#pone.0132215.g007){ref-type="fig"}; [Table 2](#pone.0132215.t002){ref-type="table"}).

![The *in vivo* effects of Superfect (SF) and Polyfect (PF) PAMAM dendrimers on EGFR phosphorylation and histopathology in the kidney of diabetic rats.\
After 4 weeks of diabetes, a single dose of SF or PF (10mg/kg) or AG1478 (1mg/kg) was administered by i.p. injection 24 h prior to sacrifice and subsequent analysis. Panel a) shows representative Western blots and panels b-d) shows the densitometric histograms showing the relative intensity levels of phosphorylated (p-) EGFR bands relative to the actin loading control or to total EGFR protein in the non-diabetic rat kidney. Error bars represent mean ± SEM. N = 4. \* indicates statistically significant from untreated controls and \# indicates statistically significant from diabetes. Panel e) shows representative photomicrographs of the morphology of the kidneys taken from diabetic control (D) animals and those treated with PF or SF or AG1478 as indicated. The kidneys were fixed in formalin and mid-transverse sections taken following paraffin embedding and hematoxylin-eosin staining.](pone.0132215.g007){#pone.0132215.g007}

Dendrimer-mediated changes in EGFR-ERK1/2-p38 MAPK signaling can be attenuated by antioxidants in HEK 293 cells {#sec022}
---------------------------------------------------------------------------------------------------------------

To further study the cellular mechanisms involved in modulation of EGFR signaling with PF PAMAM dendrimer, we investigated the role of oxidative stress through the use of antioxidants. Thus, we examined the effects of pretreating HEK 293 cells with well-known antioxidants apocynin, catalase and tempol prior to exposing cells to PF PAMAM dendrimers and subsequent analysis of EGFR, ERK1/2 and p38 MAPK phosphorylation. Apocynin, catalase and tempol, at doses previously shown to prevent elevation of EGFR phosphorylation induced by the well-known oxidative stress mimetic, hydrogen-peroxide \[[@pone.0132215.ref036]\], also significantly attenuated PF-induced elevation in EGFR, ERK1/2 and p38 MAPK phosphorylation (p\<0.05; [Fig 8](#pone.0132215.g008){ref-type="fig"}).

![The effect of anti-oxidants apocynin (APO), Tempol (TEMP) and catalase (CAT) on PF PAMAM dendrimer-induced EGFR, ERK1/2 and p38 MAPK phosphorylation in HEK 293 cells.\
Cells were pretreated for 30 min with the stated antioxidant and then co-treated with PF (40 μg/ml) for 4h in serum-free media. Panel a) shows a representative Western blot and panel b-d) shows the densitometric histograms showing the relative intensity levels of phosphorylated (p-) EGFR, ERK1/2 and p38 MAPK (labelled as p-P38) bands relative to the actin loading control. Error bars represent mean ± SEM. N = 5. \* indicates statistically significant from untreated controls \# indicates statistically significant from PF alone treatment.](pone.0132215.g008){#pone.0132215.g008}

PF and SF PAMAM dendrimer-mediated apoptosis occurs via an oxidative stress-dependent mechanism {#sec023}
-----------------------------------------------------------------------------------------------

We next investigated whether PF and SF PAMAM dendrimers induced cell death by apoptosis and whether this was sensitive to antioxidant treatment. Both PF and SF treatment led to increased apoptosis in HEK 293 cells to a similar extent as assessed by flow cytometry ([Fig 9](#pone.0132215.g009){ref-type="fig"}). The antioxidant, tempol, significantly reduced dendrimer-mediated apoptosis for both PF and SF. AG1478, at a 10-fold higher dose (100 μM) than used in signaling studies, was used as a positive control and significantly induced apoptosis in HEK 293 cells ([Fig 9](#pone.0132215.g009){ref-type="fig"}).

![Superfect (SF) and Polyfect (PF) PAMAM dendrimer-mediated apoptosis is inhibited by the antioxidant, Tempol, in HEK293 cells.\
The % of cells undergoing apoptosis is shown as a) histograms and b) representative flow cytometry data plots for cells treated with PF alone, SF alone or together with Tempol (+ TEMP) and AG1478 alone. Error bars represent mean ± SEM. N = 5. \* indicates statistically significant from control cells \# indicates statistically significant from the respective dendrimer alone treatment.](pone.0132215.g009){#pone.0132215.g009}

Discussion {#sec024}
==========

This study highlights a novel biological action of PAMAM dendrimers in that non-activated and activated G6 PAMAM dendrimers, Polyfect and Superfect respectively, can differentially modulate EGFR signaling *in vivo*. Thus our data imply that these dendritic polymers might be considered as a novel class of modulators of EGFR phosphorylation that can be selected to either stimulate or inhibit EGFR signaling- an important cellular signal transduction pathway in diseases such as cancer and diabetes-induced cardiovascular and renal diseases. In two animal models, these PAMAM dendrimer-mediated changes in EGFR signaling appear to precede any significant changes in renal morphology over the 24h study period. Thus, implying that acute *in vivo* exposures to dendrimers can have a marked effect on signal transduction pathways in the absence of any overt toxicity as assessed by morphological changes in the kidneys. Further, PAMAM dendrimers appear to modulate EGFR signaling and apoptosis through an oxidative stress-dependent mechanism. To the best of our knowledge this study shows for the first time that PAMAM dendrimers can modulate the important EGFR signal transduction pathway both *in vitro* and *in vivo* and may have important clinical implications for their use in nanomedicine.

It is now become increasingly clear that cationic PAMAM dendrimers exhibit a range of biological and toxicological actions that need to be fully understood for their safe use in (nano) medical applications. In an attempt to understand their biological interactions at the level of signal transduction pathways, we have been investigating their effects on the highly important EGFR signal transduction pathway. We previously showed that the activated PAMAM dendrimer, SF, was a robust inducer of EGFR phosphorylation and downstream signaling via ERK1/2 in HEK 293 cells \[[@pone.0132215.ref036]\]. Here, we show that PF has the opposing effect in that it dose-dependently inhibits basal and EGF-ligand induced EGFR phosphorylation (Figs [2](#pone.0132215.g002){ref-type="fig"} and [3](#pone.0132215.g003){ref-type="fig"}) as well as downstream signaling via ERK1/2 and p38 MAPK in HEK 293 cells ([Fig 4](#pone.0132215.g004){ref-type="fig"}). It should be noted that at the 40 μg/ml concentration, PF-mediated reduction in EGFR protein (see [Fig 2C](#pone.0132215.g002){ref-type="fig"}) might also partly account for the attenuation in downstream signaling activity. The inhibition of EGFR phosphorylation appears to be robust and sustained as it was observed over a 24h time period with PF PAMAM dendrimer in HEK 293 cells ([Fig 5](#pone.0132215.g005){ref-type="fig"}). Thus, PF studied here and SF, reported on previously in the same cells \[[@pone.0132215.ref036]\], appear to have opposing effects of EGFR signaling in that PF acts an inhibitor whereas as SF behaves as a stimulator or activator of EGFR phosphorylation and signaling in HEK 293 cells. These effects are likely to be general and not specific to HEK 293 cells--a notion supported by findings in cultured A431 cells where SF and PF appear to have opposing effects on EGFR mRNA and protein expression that ultimately differentially affect the efficacy of siRNA delivered by these PAMAM dendrimers \[[@pone.0132215.ref018]\]. It is noteworthy, that PF-induced modulation of EGFR-ERK1/2-p38 MAPK occurred at doses that only showed little or no overt cytotoxicity (at up to 4 μg/ml dose) and with only about 20% reduction in cell viability at the highest 40 μg/ml dose studied ([Fig 1](#pone.0132215.g001){ref-type="fig"}).

To determine whether these PAMAM dendrimer-mediated effects on EGFR signaling extended beyond the *in vitro* cell culture scenario, we investigated the effects of PF and SF in whole animal studies. Based on pharmacokinetic and biodistribution studies showing significant accumulation of dendrimers in kidneys \[[@pone.0132215.ref002],[@pone.0132215.ref043],[@pone.0132215.ref044]\], we studied their effects on EGFR signaling in the kidneys of two animal models that exhibited low (non-diabetic rats) and high (diabetic rats) basal levels of EGFR expression and phosphorylation (Figs [6](#pone.0132215.g006){ref-type="fig"} and [7](#pone.0132215.g007){ref-type="fig"}). Following a single dose (10mg/kg) i.p administration of PAMAM dendrimers for a 24 h time period, we noted that in both animal models PF inhibited whereas SF stimulated EGFR protein expression and phosphorylation, though there appeared to be a net effect on phosphorylation by the dendrimers only in the diabetic kidney where there was approximately 2.5-fold higher basal EGFR tyrosine kinase activity. Also, the effect of SF stimulation was greater with an approximately 240% increase in the non-diabetic kidney that had lower basal EGFR activity compared to about a 140% increase in EGFR phosphorylation in the diabetic kidney. Therefore, it is likely that since the levels of phosphorylated EGFR are already very high in the diabetic kidney, SF cannot enhance them much further. However, in the non-diabetic kidney where EGFR basal activity is quite low, a much higher SF-induced stimulation in EGFR phosphorylation was observed. PF appeared to inhibit renal EGFR phosphorylation in both sets of animals to a similar degree in the range of 40--50% inhibition following the 24h administration. Taken together our data from two animal models as well as the *in vitro* cell culture studies presented here and previously \[[@pone.0132215.ref036]\] confirm that SF and PF have opposing effects on EGFR signaling (for a summary schematic see [Fig 10](#pone.0132215.g010){ref-type="fig"}). Though further studies are needed, this leads us to speculate that PAMAM dendrimers may represent a novel class of EGFR modulators that may serve as alternatives to those already available such as the small molecule tyrosine kinase inhibitors, receptor ligands and monoclonal antibodies and for which cells can develop resistance mechanisms \[[@pone.0132215.ref045],[@pone.0132215.ref046]\].

![A schematic diagram highlighting our current understanding of the differential effects of PF and SF PAMAM dendrimers on EGFR-ERK1/2-p38MAPK signaling and apoptosis via an oxidative-dependent mechanism in HEK 293 cells.\
Data from the present study and from Akhtar et al \[[@pone.0132215.ref036]\] are summarized. We previously showed that SF stimulated basal EGFR phosphorylation via an oxidative-stress dependent mechanism and also enhanced EGF-ligand induced activation (Akhtar et al, 2013). In the present study, we showed that PF also inhibits basal EGFR phosphorylation via an oxidative stress mechanism as well as EGF-ligand induced activation of EGFR. SF and PF both induced apoptosis via an oxidative-stress/ROS dependent mechanism. AG1478, a selective inhibitor of EGFR tyrosine kinase, inhibited the stimulatory effects of SF and also induced apoptosis in HEK 293 cells (Akhtar et al, 2013). Antioxidants inhibiting formation of reactive oxygen species/oxidative stress were able to prevent PF and SF induced modulation of basal EGFR activation and dendrimer-induced apoptosis.](pone.0132215.g010){#pone.0132215.g010}

Since we previously showed that EGFR activation by either hydrogen peroxide (H~2~O~2~) or SF occurred via an induction of reactive oxygen species (ROS)/ oxidative-stress dependent mechanism \[[@pone.0132215.ref036]\], we also investigated whether PF-mediated modulation of EGFR signaling was occurring via a similar mechanism and was sensitive to treatment with anti-oxidants in HEK 293 cells. Interestingly, at concentrations that significantly reduced SF or H~2~O~2~-induced elevation in EGFR phosphorylation previously \[[@pone.0132215.ref036]\], the antioxidants, apocynin (an inhibitor of NADPH oxidase activity that leads to cellular generation of reactive oxygen species such as superoxide \[[@pone.0132215.ref047]\], tempol (a superoxide dismutase (SOD) mimetic and free radical scavenger \[[@pone.0132215.ref048]\] and catalase (a redox enzyme that catalyzes the decomposition of hydrogen peroxide to water and oxygen \[[@pone.0132215.ref047]\] were also able to significantly attenuate PF PAMAM dendrimer-mediated inhibition of EGFR, ERK1/2 and p38 MAPK phosphorylation in HEK 293 cells. Surprisingly, these data suggest that inhibitory effects of the non-activated PF dendrimer on EGFR signaling, as well as the previoulsy studied stimulatory effects of the activated SF \[[@pone.0132215.ref036]\], are both mediated by PAMAM dendrimer-induced oxidative stress in HEK293 cells. As to how exactly oxidative-stress or reactive oxygen species (ROS) generation can lead to such opposing effects on EGFR signaling is unclear and requires further study.

Importantly, although our studies suggest that PAMAM-induced oxidative stress presumably after cellular internalization leads to modulation of EGFR signaling, it does not rule out direct interactions of dendrimers at the level of EGFR receptor or through modulation of upstream and/or downstream effectors and subsequent impact via negative or positive feedback loops. For example, we have previously shown that the differential effects of PF and SF may be explained by the opposing effects on EGFR gene expression in the nucleus \[[@pone.0132215.ref018]\]. Nonetheless, since we observed that PF significantly attenuated the stimulatory effects of EGF-ligand on EGFR phosphorylation ([Fig 3](#pone.0132215.g003){ref-type="fig"}), it is conceivable that this can occur via inhibition of EGF-ligand binding in the classical ligand-mediated activation of EGFR (see also [Fig 10](#pone.0132215.g010){ref-type="fig"}). Alternatively, PAMAM dendrimers may interfere with other upstream activators of EGFR such as G-protein coupled receptors that induce EGFR phosphorylation via src- or metalloproteinase-dependent mechanisms \[[@pone.0132215.ref049]\]. Another potential site for modulation of EGFR phopshorylation would be the ATP-binding site on the intracellular tyrosine kinase to which PF and SF might conceivably interfere differently to either induce or inhibit ATP binding and EGFR phosphorylation. Recent studies suggest that to avoid ligand-independent receptor activation, the intracellular tyrosine kinases of monomeric and dimeric forms of EGFR are thought to electrostatically dock via their positively charged amino acid residues onto negatively charged lipids on the inside of the plasma membrane to avoid transphosphorylation during receptor autoinhibiton \[[@pone.0132215.ref031],[@pone.0132215.ref050]--[@pone.0132215.ref052]\]. Since cationic PAMAM dendrimers are known to electrostatically bind with negatively charged cell-surface membrane lipids and to produce nanosized cell-membrane pores \[[@pone.0132215.ref009]\] or even ion-channels \[[@pone.0132215.ref021]\] leads us to speculate that surface-bound or internalized PAMAM polymers via their positive charges could readily disrupt the electrostatic interactions between the receptor tyrosine kinase domains and plasma membrane. Since differences in charge and/or branching density can account for differential effects with PAMAM dendrimers \[[@pone.0132215.ref053]\], the opposing effects on EGFR signaling with non-activated PF (inflexible dense hyperbranched archtecture) versus the activated SF (flexible nature with reduced internal branching) could conceivably arise from differential interactions of these two PAMAM dendrimers at the level of receptor autoinhibition, though these need to be studied in detail. Alternatively since EGFR signaling is reported to occur within endosomes \[[@pone.0132215.ref054],[@pone.0132215.ref055]\], PAMAM dendrimers might also differentially alter EGFR signaling during its known uptake via clathrin-coated endocytosis \[[@pone.0132215.ref056],[@pone.0132215.ref057]\] and co-residence within these sub-cellular organelles.

Since EGFR inhibition can lead to cell growth inhibition and cell death by apoptosis \[[@pone.0132215.ref028],[@pone.0132215.ref058]\] and the fact that apoptosis is one of the cellular toxicity mechanisms reported for PAMAM dendrimers \[[@pone.0132215.ref059]\], we also studied the effect of PF and SF PAMAM dendrimers on apoptosis in HEK 293 cells in the presence of the anti-oxidant, tempol. Surprisingly, both PF and SF PAMAM dendrimers significantly induced apoptosis in HEK 293 cells in a manner similar to AG1478 implying that, at least in the case of SF which stimulated EGFR phosphorylation, dendrimer-mediated apoptosis was independent of its effects on EGFR signaling. Both PF- and SF-mediated apoptosis could be reversed by tempol, implying that rather like dendrimer-induced modulation of EGFR signaling, dendrimer-induced apoptosis also occurs via an oxidative-stress dependent mechanism for both the activated and non-activated PAMAMs. Indeed, the generation of reactive oxygen species as a mechanism of nanoparticle-induced toxicity in general has been reported previously \[[@pone.0132215.ref060]--[@pone.0132215.ref062]\]. Thus, our study suggests that oxidative stress or ROS generation appears a common mechanism through which SF and PF induce apoptosis and differentially regulate EGFR signaling. As to how exactly oxidative stress leads to these differential effects and how PAMAM dendrimer-induced oxidative stress and apoptosis might impact cell/organ function *in vivo* requires further study.

End-organ nephropathy and renal damage are commonly observed in diabetes that in some cases can be linked to increased EGFR expression and activity as well as oxidative stress \[[@pone.0132215.ref041],[@pone.0132215.ref042],[@pone.0132215.ref063]\]. In animals bearing 4 weeks of diabetes significant pathology such as diffuse glomerular sclerosis, extracellular matrix deposition, tubulointerstitial fibrosis and increased incidence of vacuolations, cell infiltration and hypertrophy was observed (see Figs [6](#pone.0132215.g006){ref-type="fig"} and [7](#pone.0132215.g007){ref-type="fig"}; [Table 2](#pone.0132215.t002){ref-type="table"}) and was similar to that previously described in other studies \[[@pone.0132215.ref040],[@pone.0132215.ref041]\]. However, acute 24h treatments with either PAMAM dendrimer or AG1478 did not alter the morphology of kidneys isolated from diabetic or non-diabetic animals nor lead to any significant changes in animal weights or blood glucose levels. Our findings are supported by literature reports showing that EGFR-induced renal pathologies such as hypertrophy, glomerular enlargement and fibrosis can only be corrected by chronic treatments with EGFR inhibitors \[[@pone.0132215.ref041],[@pone.0132215.ref042],[@pone.0132215.ref064]\]. For example, a recent study in a model of type 1 diabetes showed that up to 24 weeks of treatment with the EGFR inhibitor, Erlinotib, attenuated progression of diabetic nephropathy \[[@pone.0132215.ref041]\]. Similarly the hypoglycemic effect associated with G4 PAMAM dendrimers was noted upon chronic daily treatment for up to 60 days \[[@pone.0132215.ref022]\]. Thus, further *in vivo* studies are needed whereby SF and PF are administered chronically over several weeks or months to fully investigate their possible opposing impact on diabetes-induced kidney damage. Such studies are planned.

The data presented here also lend further support to the assertion that drug delivery systems cannot be considered as biologically inert and aside from their ability to improve drug delivery have additional, sometimes unexpected, biological and cellular effects \[[@pone.0132215.ref015]--[@pone.0132215.ref017],[@pone.0132215.ref065]\]. Our study shows that *in vivo* modulation of the highly important EGFR cell signal transduction pathway can also be added to the growing list of intrinsic biological activities for PAMAM dendrimers that includes eliciting multiple gene expression changes in biological systems that may impact on siRNA activity and specificity \[[@pone.0132215.ref018],[@pone.0132215.ref066]\], disrupting key platelet function \[[@pone.0132215.ref067]\], modulating Angiotensin-converting enzyme 2 activity \[[@pone.0132215.ref068]\] and exhibiting anti-inflammatory activity \[[@pone.0132215.ref020],[@pone.0132215.ref038]\].

In conclusion, to the best of our knowledge this is the first study showing that activated and non-activated PAMAM dendrimers can differentially interfere with the important EGFR cell signal transduction pathway *in vivo* at doses that do not lead to overt toxicity as assessed by gross morphological changes in the kidney. Although the exact long-term consequences of activating cellular signal transduction pathways such as EGFR-ERK1/2-p38 MAPK by PAMAM dendrimers *in vivo* remain unknown, our data presented here provides a novel insight into the differential protein interactions of activated and non-activated G6 PAMAM dendrimers and underscores the necessity for further research into the biological activity and toxicology of these nanosystems prior to their use in clinical applications. Further, the fact that PAMAM dendrimers can either stimulate or inhibit EGFR phosphorylation *in vitro* and *in vivo* might lead to their use as novel modulators of EGFR activity and signaling that could offer novel opportunities for therapeutic intervention especially in diabetes-induced end organ pathologies. For example, PF might be useful in reversing diabetes-induced renal and vascular dysfunction where overactivity of EGFR is noted \[[@pone.0132215.ref033],[@pone.0132215.ref040]--[@pone.0132215.ref042],[@pone.0132215.ref069]\]. Alternatively, SF might be used in place of conventional ligand-activation based therapeutic strategies to stimulate EGFR signaling in diabetes-induced cardiac dysfunction which results from depressed EGFR-ERK1/2 phosphorylation \[[@pone.0132215.ref034]\]. However, due to the differential regulation of EGFR in tissues such as the heart and vasculature, it is likely that targeted organ-specific delivery of PAMAMs will be required to achieve the desired pharmacological effects.
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